Proteins associated with disease and development of the nervous system are thought to contain repetitive, simple sequences. However, genome-wide surveys for simple sequences within proteins have revealed that repetitive peptide sequences are the most frequent shared peptide segments among eukaryotic proteins, including those of Saccharomyces cerevisiae, which has few to no specialized developmental and neurological proteins. It is therefore of interest to determine if these specialized proteins have an excess of simple sequences when compared to other sets of compositionally similar proteins. We have determined the relative abundance of simple sequences within neurological proteins and find no excess of repetitive simple sequence within this class. In fact, polyglutamine repeats that are associated with many neurodegenerative diseases are no more abundant within neurological specialized proteins than within nonneurological collections of proteins. We also examined the codon composition of serine homopolymers to determine what forces may play a role in the evolution of extended homopolymers. Codon type homogeneity tends to be favored, suggesting replicative slippage instead of selection as the main force responsible for producing these homopolymers.
T HE presence and abundance of simple repetitive seIn some prokaryotes, reversible mutations within regions of repetitive simple sequence DNA are involved quences within nucleotide sequences are well known. Microsatellites and other tandemly repeated sequences in phase variation (Stern et al. 1986; Hood et al. 1996; Saunders et al. 2000) . This mechanism allows bacterial within DNA are well characterized; however, similarly repetitive sequences within proteins are less well acpopulations to adapt to changing environments and is important in bacterial virulence (Moxon et al. 1994 ). knowledged and understood. Nevertheless, such repeats within eukaryotic proteins are abundant. They vary in Functional studies have shown that acidic, glutaminerich, and proline-rich regions comprise three types of composition from a simple reiteration of a single amino activation domains (Mitchell and Tjian 1989; Trieacid to long tracts of sequence that are predominated by zenberg 1995), while Mar Alba et al. (1999) found the presence of one or only a few amino acids.
that transporter proteins were overrepresented among Genome-wide surveys for simple sequences have shown proteins containing serine repeats. that these low-complexity sequences are the most comOther well-known repetitive regions in proteins are monly shared peptide fragments in eukaryotic prothought to be the cause of several human neurodegenteomes Huntley and Golding 2000) . erative diseases. These are associated with proteins conThe prominence of these regions in proteins is a eukarytaining extended regions of tandemly repeated glutaotic phenomenon, as they are not as common or as highly mine residues. These proteins and others involved in repetitive in prokaryotes (Marcotte et al. 1999; Hunt- nervous system disease and development contain multiley and Golding 2000). Not enough is known about ple long homopeptides within their sequence (Karlin the structure and function of these highly repetitive, and Burge 1996). But not all of the homopeptide tracts low-complexity regions despite their abundance in euare composed of glutamine residues; other residues karyotic proteins.
such as proline, serine, glycine, and glutamic acid form Only a few functions have been ascribed to these extended homopolymers in these proteins as well. unusual regions. One of the first described and perhaps Huntington's disease was one of the first disorders best known are the opa and opa-like repeats found in characterized to be due to homopeptides. This disease essential developmental proteins in insects (Wharton is associated with neural cell death, progressive chorea, et al. 1985) . These repeats are stably located repetitive dementia, and seizures. It is believed to be caused by elements that typically encode a stretch of up to ‫03ف‬
an increase in the length of a CAG triplet repeat within glutamines, with interspersed histidine residues. the huntingtin gene. The age of onset is inversely correlated with the length of CAG repeats (Snell et al. 1993; Duyao et al. 1993; Kieburtz et al. 1994) . In normal 1 copies. The triplet repeat encodes a polyglutamine tract, rological proteins do indeed contain more highly repetitive, low-complexity regions than other classes of prowhich can form cross-links within and between proteins. This increased cross-linking may induce the formation teins. We confirm previous results for developmental proteins that they are enriched for homopolymers and, of aggregates within the cell and consequent neuronal death (Cariello et al. 1996) . in addition, show that they are enriched for low-complexity sequence regions. But this is not the pattern Kennedy's disease, also known as spinal and bulbar muscular atrophy (SBMA), is an X-linked disease that observed in neurological proteins. As a class of proteins, neurological proteins do not have excess of regions causes late onset lower-motor and primary-sensory neuropathy. Clinical symptoms include muscular atrophy, highly enriched for glutamine. In most of the neurodegenerative proteins, polyglutwitching, tremors, and androgen deficiency. The primary cause of this disease is an expanded CAG triplet tamine results from a triplet repeat expansion of the CAG codon. It is generally believed that these simple repeat within the androgen receptor (AR) gene (La Spada et al. 1991) . Like Huntington's disease, the triplet repeat sequences arise as a byproduct of replicative slippage at the DNA level, similar to the process occurring in encodes a polyglutamine tract that may have increasingly toxic effects on neuronal cells as the repeat exmicrosatellite expansion. However, not all repeats follow this pattern. Serine reiterations in yeast do not show pands.
Dentatorubral-pallidoluysian atrophy (DRPLA) is bias toward long tracts of one of the possible codons (Mar Alba et al. 1999) . This suggests that some repeats phenotypically similar to Huntington's disease, including late onset dementia, cerebellar ataxia, myoclonic may have evolved via selection and not slippage. In this study extended serine homopolymer tracts are seizures, and choreic and athetoid movements. Again an expanded CAG repeat, encoding polyglutamine, is used to show that the length of the tract does not affect the mixture of codon types but that the relative position responsible for the pathology of this disease (Li et al. 1993; Koide et al. 1994; Nagafuchi et al. 1994) . Haw of the codons within a tract does affect codon composition, indicating that these tracts are likely the result of River syndrome is also caused by this same CAG expansion in the DRPLA gene (Burke et al. 1994) .
slippage. Other neurological diseases that fall into this category are spinocerebellar ataxia (SCA) 1, 2, 3 (Machado-Joseph MATERIALS AND METHODS disease), 6, 7, and 17. All are caused by expansions of a polyglutamine tract in separate proteins (Banfi et al. Neurological proteins: Human and Drosophila neurologi-1994; Kawaguchi et al. 1994; Pulst et al. 1996 ; David cal and kinase proteins were collected from the National Cenet al. 1997; Zhuchenko et al. 1997 ; Nakamura et al.
ter for Biotechnology Information (NCBI) using the ENTREZ query system. To search for neurological proteins, the key 2001; Silveira et al. 2002) .
words neural, neuro, nerve, and axon were used. To search for Studies of synthetic homopolymers, including glutadevelopmental proteins we used the key words development, mine repeats, have shown that some can form stable morphogen, homeotic, differentiation, embryo, larva, and destructures (Krull et al. 1965; Perutz et al. 1994; Rohl termination. These key words were based on the key words et al. 1999). Glutamine repeats have been shown to link used in the gene ontology database (http:/ /www.godatabase. org/dev/database/). Kinase proteins were collected by searchpairs of ␤-strands by hydrogen bonds, forming polar ing for the key word kinase. All key words (or modifications zippers (Perutz et al. 1994) . This action can result in of the key word's roots) had to be present on the definition rigid, irreversible aggregates of proteins within the cell.
line of the GenPept files. All key word matches were screened This has been used as an explanation of how the exto eliminate matches that did not fit into their respective categotended glutamine repeats in some human neurological ries, such as homeostasis, which matched to the root of homeotic. These databases are not exclusive, but this method is unbiased, proteins induce their associated neurodegenerative disexplicit, and easily repeatable. All sequences targeted to the eases (Perutz and Windle 2001) . However, prion promitochondria were removed.
teins within the yeast Saccharomyces cerevisiae also form Many coding sequences within a genome are redundant aggregates, but lack homopeptide sequence within the duplicates, isozymes, or ancient duplications. Additionally, seprion-determining domain (Lindquist et al. 2001) . Inquence databases can contain redundant sets of sequences. To construct a database of, for example, neurological proteins, stead these domains tend to be enriched with polar such duplicates had to be filtered. First a BLAST search amino acids, such as glutamine and asparagine. (Altschul et al. 1997 ) was done to screen for similar proteins Large numbers of short and long homopeptides are within the genome. All proteins that had a BLAST expect more frequent in developmental proteins than in other value Ͻ0.75 were then pairwise aligned, using ALIGN (Myers classes of proteins (Karlin and Burge 1996) . We thereand Miller 1988). The smaller of any two sequences that had a percentage identity Ͼ20% (e.g., the percentage identity fore expect that this may also be true for highly repetibetween hemoglobin and myoglobin) was thrown away as it tive, low-complexity regions. In this study we collected was considered to be too recently evolutionarily related. In all developmental and neurological proteins available this way we retained the larger protein of any related pair of from the human and Drosophila melanogaster proteomes sequences. A nonredundant, human neurological database was and compared each to similar, but mutually exclusive, then constructed, resulting in 433 sequences, equaling a 60% reduction. A nonredundant developmental protein database data sets to determine whether developmental and neu-containing 242 sequences was similarly constructed by disIn addition, we analyzed the percentage of low complexity per sequence and the number of low-complexity regions per carding 75% of the sequences. Kinase proteins were collected as a control group and after filtering out 72% comprised 982 sequence. We did this using two different sets of SEG parameters: an L of 15 with K2(1) of 1.9 and an L of 40 with K2(1) nonredundant sequences. From the 982 nonredundant kinase sequences, two more kinase databases were constructed to of 2.6. This entire analysis was also performed on the proteins from be comparable to the neurological database. The two kinase databases were each constructed by sampling from the 982
Caenorhabditis elegans to determine how widespread the resulting patterns were. nonredundant sequences. These databases may have a small amount of overlap. The first sampling was designed to be Homopolymer tracts: Analysis similar to a previous study comparable to the neurological database by being within 5% (Karlin and Burge 1996) was performed on nonredundant of its protein lengths and contained 422 sequences. The secprotein sets for both humans and Drosophila. Following this ond was within 10% of the neurological sequence lengths and previous study, we excluded proteins with extremely biased had 429 sequences. In this way, we not only had a full collection amino acid content if an amino acid had Ͼ20% frequency of nonredundant kinase sequences for which we could comand searched for proteins with three or more homopeptides pare the neurological data set, but also had collections of of lengths Ն5 residues whose combined lengths totaled no kinase sequences that were compositionally similar to the neuless than 20. In sequences with extreme bias in composition rological sequences and thus more directly comparable.
long homopeptides are expected to occur more often by Databases from Drosophila protein sequences were conchance. Karlin and Burge also screened for proteins constructed, resulting in 77 neurological proteins (a 45% reductaining at least one homopeptide of length Ն10 residues and at tion), 139 developmental proteins (a 56% reduction), and least one other of length Ն5 residues. We used the additional 128 kinases (a 65% reduction). The kinase database within requirement that at least one homopeptide within a protein 5% of the neurological lengths had 52 proteins, while the one had a length of 15 residues or more to emphasize more exwithin 10% of the neurological lengths had 64.
tended homopolymers. The protein descriptions, their accesIn total, we constructed five types of databases each for sion numbers, lengths, and the homopeptide lengths were human and Drosophila proteins: neurological, developrecorded. Proteins with any known neurological function were mental, kinase, kinase within 5% of neurological lengths, and grouped in the "neurological" category. Any of the remaining kinase within 10% of neurological lengths. To analyze these proteins with known developmental function were grouped databases we constructed comparison databases that were simiunder the "developmental" category. All other proteins with lar in composition to the original databases, while excluding some known function were termed "other" and any remaining neurological, developmental, and kinase proteins, respecproteins were put in the "unknown or hypothetical" category. tively. Each database was used as a basis to sample sequences We further selected the serine homopeptides within these from the NCBI and to construct 100 random comparison proteins and analyzed their codon content. databases. For instance, for human neurological proteins, 50
Serine is unique among the amino acid residues as it has databases were constructed to contain human sequences that two types of codons (TCN and AGY) that are at least two were not neurological, but otherwise randomly chosen from mutational events apart. Because of the mutational distance the NCBI and within 5% of the lengths of the neurological between the two codon types, studying the codon composition proteins. Another 50 databases were constructed to be within of serine homopolymers allows for a stronger distinction be-10% of the lengths of the neurological proteins. Therefore, tween the two hypotheses for their mechanism of evolution: each protein within the neurological database had a protein replicative slippage or selection at the protein level. The TCN of similar length within each of the comparison databases. In codons (TCA, TCC, TCG, and TCT) are more frequent than this way, each of the 100 comparison databases is mutually the AGY codons (AGT and AGC). If the homopeptide was exclusive to the human neurological database, but is similar simply the product of DNA slippage during replication, we in protein length composition.
would expect little mixture of the two codon types. For examTo determine how common highly repetitive, simple seple, a polyserine tract that was created via strand slippage quences were in these databases, BLAST searches were pershould be composed of only TCN codons or only AGY codons, formed, using 100-residue-long homopolymers of each amino but seldom a mixture of both. If, however, other forces, such acid. The number of BLAST hits with expect values Յ0.01 as selection, are acting to create these homopeptides, then a were compared to those found from the 100 comparison datamixture of the codon types might be more common. bases and the corresponding percentiles were recorded.
We determined whether the length of the homopolymer This analysis was also performed on the redundant datatract influenced the mixture of the two codon types, using a bases, to examine how the analysis was affected by making the likelihood-ratio test,
hood of the null model and L is the likelihood of the model To ensure that these results were robust, we also performed being tested. the same analysis using BLAST with 50-amino-acid-long homoGiven genomic codon usage frequencies (f AGY and f TCN ) polymers and using two entirely distinct algorithms, SIMPLE and N polyserine tracts of length n i ϭ x i ϩ y i , where x i is the (Alba et al. 2002) and SEG (Wootton and Federhen 1993) .
number of AGY codons and y i is the number of TCN codons Of these methods, the SIMPLE algorithm has the most in the ith tract, the likelihood model can be summarized as rigid window length to search for cryptically simple sequences. During various trials we used total window lengths ranging
(1) from 40 to 100 and searched for monomeric-like simple sequences.
This model assumes a linear relationship between the length For analysis using the SEG algorithm, we chose a window of the tract and codon composition. The parameters a and b length, L, of 40 and a complexity cutoff value, K2(1), of 2.6.
were adjusted to maximize the likelihood, L. The null model, All low-complexity segments were sorted into amino acid cate-L 0 , which is a random choice according to the frequencies, is gories on the basis of the composition of the segment. If two the likelihood obtained with a ϭ 1 and b ϭ 0. or more amino acids each had frequencies of 30% or higher,
We used a second model to see if the position of a codon that segment was counted toward each of those categories.
within a homopolymer tract influenced the type of codon This was done to search for highly repetitive, low-complexity regions.
found. For instance, if a codon position is flanked by AGY Underlines indicate that the number of significant BLAST hits was in the 90th percentile or higher. "Ͼ100" indicates that the number of significant BLAST hits was higher and completely outside the distribution. Italics indicate that the number of significant BLAST hits was in the 10th percentile or lower. "Ͻ0" indicates that the number of significant BLAST hits was lower and completely outside the distribution.
codons, is that position more likely to be occupied by an AGY function, bounded between zero and one. The parameters P 1 or a TCN codon? Given N polyserine tracts each with length and P 2 are a measure of how likely the middle codon position n i , where X j denotes the codon at position j within the homowill be occupied by the same codon type as the two surpolymer tract, we calculated the likelihood as rounding codons, given that the two surrounding codons are of the same type. Thus, smaller values of P 1 and P 2 translate to increased probabilities of codon type homogeneity. P 3 and
P 4 measure the bias of the middle codon position toward the left or the right codon position when they are not occupied by the same codon type. Therefore, smaller values of P 3 and P 4 mean an increase in the probability of the X j codon being of the same type as the X jϪ1 codon only, while larger values of P 3 and P 4 correspond to an increase in the probability of being the same type as the X jϩ1 codon.
Neurological proteins: Table 1 shows that the human neurological database contained eight proteins with significant similarity to polyalanine. This number of BLAST hits was larger than that found for any of the 100 human nonneurological databases (matched to be (2) within 5 and 10% of the neurological sequence lengths). The Drosophila neurological database also contained
The null model suggests no dependence on neighboring eight significant hits, which were in the 100th percentile codons. This situation is achieved when P 1 ϭ P 3 ϭ e Ϫf AGY and of the number of significant BLAST hits from each of P 2 ϭ P 4 ϭ e Ϫf TCN . Otherwise the parameters P 1 , P 2 , P 3 , and P 4 can range from 1/e to 1. This results in a logarithmic decay the 50 Drosophila nonneurological databases (matched Underlines indicate that the number of significant BLAST hits was in the 90th percentile or higher. "Ͼ100" indicates that the number of significant BLAST hits was higher and completely outside the distribution. Italics indicate that the number of significant BLAST hits was in the 10th percentile or lower. "Ͻ0" indicates that the number of significant BLAST hits was lower and completely outside the distribution.
to be within 5% of the neurological sequence lengths) compared to nonkinase proteins. Kinase databases constructed to be of similar lengths to the neurological and larger than that found for any of the 50 nonneurological databases (matched to be within 10% of the proteins (Tables 4 and 5) show no consistent enrichment and an increase in species-to-species discrepanneurological sequence lengths). Table 2 shows that developmental proteins seem to cies. Neurological proteins have much less enrichment combe enriched with alanine (A), glycine (G), proline (P), and serine (S) in comparison to nondevelopmental propared to developmental proteins. With the exception of alanine and histidine, neurological proteins are not consisteins equally numerous and matched for sequence length. Also, glutamic acid (E) and glutamine (Q) seem tently enriched for repetitive protein sequence. We performed the BLAST analysis on the redundant to be more common in developmental proteins; however, this result is not as consistent as for A, G, P, and data sets to investigate the effect of using nonredundant databases. We found no significant difference except S. It is interesting to note that lysine (K) shows a rather large discrepancy between human and Drosophila. In for all of the kinases and for the neurological proteins from D. melanogaster. In these cases, the nonredundant human developmental proteins, the number of significant BLAST hits to poly(K) was in the 84th to 94th databases were found to have significantly more BLAST hits per sequence than the redundant databases (data percentile, but in Drosophila it was only in the 2nd to 10th percentile. not shown).
Using the SIMPLE algorithm we obtained broadly Neurological proteins are consistently enriched for alanine (A) and histidine (H) as shown in Table 1 . Glutasimilar results for neurological proteins. However, in many cases the windows detected as significantly simple mine, which is associated with many neurodegenerative diseases, is not found to be overrepresented in neurologiwere not as enriched for a predominant amino acid as those regions detected by BLAST. Another difference cal proteins. There are also large discrepancies between the species for glutamic acid (E) and proline (P).
is that SIMPLE is not constructed to recognize residues with similar properties and misses such enriched regions The kinase proteins in Table 3 show that none of the amino acids are consistently enriched in both species, as a result. In a parallel analysis using SEG, again the Underlines indicate that the number of significant BLAST hits was in the 90th percentile or higher. "Ͼ100" indicates that the number of significant BLAST hits was higher and completely outside the distribution. Italics indicate that the number of significant BLAST hits was in the 10th percentile or lower. "Ͻ0" indicates that the number of significant BLAST hits was lower and completely outside the distribution. results were consistent with our BLAST analysis, but extreme cases are listed. In humans, many of the longest tracts for neurological proteins are longer than those with more variability found within the Drosophila results (results not shown).
for the developmental proteins. In Drosophila the opposite is true. Also, for nine amino acids, in both humans The patterns we obtained using BLAST with 50-aminoacid-long homopolymers were nearly identical to those and Drosophila, kinase proteins have homopolymers as long as or longer than those of the developmental and found using the 100-residue-long homopolymers. However, the Drosophila results, like those from SEG, were neurological proteins. The appendix lists proteins with multiple homopolymore variable.
The parameter space for SEG is very large with numermers containing at least one homopeptide of length 15 or more. This is composed of 29 human proteins (Table ous parameter sets possible for identifying different types of repetitive low-complexity sequences. Different A1) and 74 Drosophila proteins (Table A2 ). While such proteins are more numerous in Drosophila, they also parameter sets can give rise to dissimilar SEG results. The SEG analysis examining the percentage of low comcontain significantly (P Ͻ 0.05) more homopeptides per protein than do the human sequences. There are 559 plexity and the number of low-complexity segments per sequence was highly inconsistent between the SEG pahomopeptide tracts for the Drosophila proteins and only 133 for humans. While Karlin et al. (2002) found rameters employed (data not shown).
The proteins of C. elegans yielded similar results to those 192 human proteins with multiple-amino-acid runs, our altered criteria of at least one homopolymer of length of humans and Drosphila (data not shown). Again, the neurological proteins had no significant enrichment Ն15 residues and our nonredundant database account for this difference. compared to the nonneurological databases. The developmental proteins had the greatest enrichment, while
In both humans and Drosophila, poly(Q) is the most frequent homopolymer tract. However, poly(Q) acthe kinase proteins had enrichment patterns like those found in humans and Drosophila.
counts for only 24.1% of the human homopolymers, while accounting for 53.1% of the Drosophila homoHomopolymer tracts: Table 6 shows the lengths of the longest homopolymer tracts for each amino acid.
polymers. Another discrepancy between the two species is found in the abundance of poly(E), which accounts This table does not reflect homopolymer frequency or the average lengths of such tracts. Only the individual for 18.8% of the human homopolymers, but only 0.5% Underlines indicate that the number of significant BLAST hits was in the 90th percentile or higher. "Ͼ100" indicates that the number of significant BLAST hits was higher and completely outside the distribution. Italics indicate that the number of significant BLAST hits was in the 10th percentile or lower. "Ͻ0" indicates that the number of significant BLAST hits was lower and completely outside the distribution. of the Drosophila homopolymers. As well, poly(G) and mum-likelihood estimate of a took on a fractional value. poly(P) are more than double in humans (15.0% vs.
This indicated that maximum-likelihood codon fre-7.3% and 10.5% vs. 4.7%, respectively). quencies within the homopolymers were different from These interspecies discrepancies are largely consisthe genomic codon frequencies. tent with previous results (Karlin et al. 2002) . However, For the second model, which examines the influence the lack of polyleucine within the human homopolyof codon position within a homopolymer tract, we found mers was not found previously. Karlin et al. (2002) that P 1 , P 2 , and P 4 were smaller than the null model found 19% of human proteins with at least one homovalues. For humans, P 3 was slightly greater than the null polymer of length five or more residues contained polymodel value, but for Drosophila P 3 was less than the leucine, and only 14 of 192 proteins with multiple homonull model value. Likelihood-ratio tests gave 2 values polymers contained polyleucine. Because of the longer of 81.29 for humans and 65.56 for Drosophila. Using 4 criteria we used to consider homopolymers, only 2 of d.f., this translates to probabilities Ӷ0.001. Indeed, bethese 14 proteins were present in our data.
ing surrounded by one type of codon significantly inOf the 11 polyserine tracts in human, 7 had absolutely creases the likelihood of the middle position also being no mixture of the codon types. Of the 56 Drosophila that same codon type. Also, if the two neighboring copolyserine tracts, 26 had no mixture. From the analysis dons are of different types, the middle position (X j ) will of the first model, which was used to determine if the tend to be occupied by a codon type that matches the length of a homopolymer tract influenced the underlyleft-hand (X jϪ1 ) site. ing codon mixture, the likelihood-ratio test gave 2 values of 22.83 for humans and 57.18 for Drosophila. Using 2 d.f. these values corresponded to probabilities Ͻ0.001 DISCUSSION of occurring by chance alone. The likelihood model These results confirm previous reports, showing develsuggests that longer polyserine tracts did not have sigopmental proteins to be enriched for simple sequences nificantly less mixture of codon types. In fact, the paramcomposed primarily of alanine, glutamic acid, glycine, eter b is small in both cases and did not have a consistent direction between the two species. However, the maxiproline, glutamine, or serine. However, unexpectedly, Underlines indicate that the number of significant BLAST hits was in the 90th percentile or higher. "Ͼ100" indicates that the number of significant BLAST hits was higher and completely outside the distribution. Italics indicate that the number of significant BLAST hits was in the 10th percentile or lower. "Ͻ0" indicates that the number of significant BLAST hits was lower and completely outside the distribution.
neurological proteins are only slightly enriched for alaple homopolymer tracts (Tables A1 and A2) , we again find a rather large discrepancy between the two species. nine or histidine.
Neurological proteins have been thought to be enAlthough both species have poly(Q) as the most frequent homopolymer tract, it is far more frequent in riched for repeats. These results show that as a class they do not have an excess of glutamine-enriched regions.
the Drosophila proteins, representing over half of the homopolymers, while comprising less than a quarter of Yet many neurological disorders are linked with extended polyglutamine tracts and proteins enriched with the human homopolymers. Poly(E) and poly(P) are much more abundant in humans than in Drosophila. glutamine residues. There is evidence that many of these disorders result from protein aggregation, triggered by
The amino acids that are found to be overrepresented as repeats within these proteins have diverse properties tracts of polyglutamine forming polar zippers (Yanagisawa et al. 2000; . As a result, polygluand thus a variety of implications for the structures of the proteins in which they are embedded. tamine may well be the best-characterized amino acid repeat to date.
However, overall, little is known about the types of protein structures extended amino acid repeats can In contrast, these results confirm the well-known example of simple sequence protein repeats, the opa and form. A survey of eukaryotic proteins within the structural database revealed that low-complexity protein repeats are opa-like repeats originally found in insects (Wharton et al. 1985) . The opa repeats are typically polyglutamine underrepresented and rarely structurally characterized (Huntley and Golding 2002) . One explanation for their and are thought to be characteristic of developmentally regulated genes (Wharton et al. 1985) . Polyglutamine absence in the structural databases is that they are disordered and do not form consistent structures. The relawas found to have the greatest number of significant hits within the Drosophila developmental database (Tationship between intrinsic structural disorder and sequence complexity in proteins has been well studied ble 2). However, for both humans and Drosophila, significant BLAST hits to poly(A), -(G), -(P), and -(S) are (Romero et al. 1999 (Romero et al. , 2001 . Interestingly, all of the amino acids found to be enriched within the simple more consistently abundant.
When we look at only the proteins containing multisequences of developmental and neurological proteins Italics indicate where the length is at least 15 residues. Underlines indicate where the length is Ն20 residues.
(alanine, glutamic acid, glycine, proline, glutamine, serstability and folding rates of the proteins were minimally affected (Ladurner and Fersht 1997) . In fact, the largest ine, and histidine) are considered disorder promoting (Romero et al. 2001 ). An in-depth survey of 90 regions penalty comes with the addition of the first few residues and not the increased expansion of the repeat. Yet there of protein disorder determined that these proteins were typically involved in molecular recognition and sugare numerous deleterious conditions associated with these protein repeats, including the neurodegenerative disorgested that many may function in signaling pathways . It is argued that due to the conforders associated with triplet repeat expansions. One hypothesis suggests that these repeats allow for mational flexibility, intrinsic disorder would enable a single binding site to recognize differently shaped partprotein elongation, followed by functional specialization of the repeat region via mutation (Green and ners and have faster rates of association and dissociation .
Wang 1994). In support of this hypothesis it has been demonstrated that microsatellite expansion can occur Although some repeat regions may arise and be maintained by selection, most appear to have arisen via quite rapidly and thus protein repeat expansion via slippage may occur rapidly as well. The importance of proslipped-strand mispairing, like microsatellite expansion. Our analysis of the serine homopolymers from Tables tein repeats as a mechanism for creating new protein domains may be increased by the findings of mutational A1 and A2 shows evidence for slippage, in contrast to the results found in yeast serine homopolymers (Mar bias in trinucleotide repeat evolution . Originally it was as- Alba et al. 1999) and Drosophila serine homopolymers (Karlin and Burge 1996) . However, Mar Alba et al. sumed that microsatellites had equal probabilities of gaining and losing repeat units. However, these studies (1999) examined specific codons, rather than codon types, while Karlin and Burge (1996) did not provide a indicate that there is a bias toward adding repeat units. Another argument in support of this hypothesis is statistical analysis of the serine codon type homogeneity. We also know that the repetitive regions have a higher that eukaryotes may compensate for longer generation times, using the extra variability afforded by protein rate of evolution (Huntley and Golding 2000) . While one might anticipate a rapid expansion of an amino repeats to rapidly create novel protein domains (Marcotte et al. 1999) . Indeed, these protein repeats are a acid repeat within a protein to be detrimental, the question then remains why these extended repeat regions eukaryotic phenomenon, and the predominant amino acid differs from species to species. This would indicate are so abundant and present in such important proteins.
A study on glutamine, alanine, and glycine repeats that the particular characteristics of the amino acid in the repeat are not important; only the presence of a being inserted into the loop of a protein showed that the Koide, R., T. Ikeuchi, O. Onodera, H. Tanaka, S. Igarashi et al., new domain that can be quickly modified and either 1994 Unstable expansion of CAG repeat in hereditary dentatorselected for a new function or deleted is important.
ubral-pallidoluysian atrophy (DRPLA). Nat. Genet. 6: 9-13. 
